Rationale: Genetic association studies in chronic obstructive pulmonary disease have primarily tested for association with common variants, the results of which explain only a portion of disease heritability. Because rare variation is also likely to contribute to susceptibility, we used whole-genome sequencing of subjects with clinically extreme phenotypes to identify genomic regions enriched for rare variation contributing to chronic obstructive pulmonary disease susceptibility.
Chronic obstructive pulmonary disease (COPD) is defined as irreversible airflow limitation and is a major cause of worldwide morbidity and mortality (1, 2) . The disorder is caused by an interaction of environmental factors, most commonly cigarette smoke, and genetic predisposition (3) . This complex etiology results in an equally complex disease presentation, with at least two pathologic entities contributing to airflow limitation (emphysema and small airway obstruction) accompanied by any of numerous comorbidities (4) .
Genetic susceptibility to COPD remains incompletely characterized. Common variant association studies have successfully identified genetic loci associated with COPD phenotypes, including several that have been replicated repeatedly, notably loci near the genes HHIP, CHRNA3/5/IREB2, FAM13A, and CYP2A6 (5-7). However, the most frequently replicated single-nucleotide polymorphisms (SNPs) at these loci account for less than 10% of COPD heritability (8) . Similar results have been observed in many other complex, polygenic diseases including coronary artery disease, type II diabetes, and schizophrenia (9) . This disparity between the heritability explained by common variation in complex disease and what was expected at the advent of the genome-wide association study era is likely explained by multiple factors, including contributions from uncommon and rare genetic variants, terms used to describe variants with minor allele frequency (MAF) of less than 5% and 1% in the population, respectively (10) (11) (12) . Notably, rare variants in SERPINA1 leading to alpha-1 antitrypsin deficiency suggest a role for rare variation in the genetic susceptibility to COPD (13) .
Advances in next generation sequencing technologies have begun to make sequencing studies both technologically and financially feasible (14) . Approaches to maximize power in smaller populations have been hypothesized, including studies limited to the extremes of a phenotype and within families (11, 15) . Recent whole-exome sequencing studies have taken one of these two approaches by looking at heavy smokers, severe emphysematous phenotypes, or families of severe early onset COPD, identifying candidate genes (16) (17) (18) . The extreme trait sequencing approach is based on evidence from other diseases that individuals at the extreme of a phenotype are enriched for causal variants (19) . This approach is particularly useful outside of the exome, where understanding of the impact of noncoding variants on gene expression remains limited but is clearly important. However, the contribution of such loci has not, to our knowledge, been studied in a sequencing study. Here we report the findings from the first whole-genome sequencing study in COPD. Some of the results of these studies have previously been reported in the form of an abstract (20) .
Methods Study Design
This study was approved by the Institutional Review Board for Human Subject Research at the University of Pittsburgh (IRB0612016). To control for population stratification, only U.S. nonHispanic white persons (NHW) were included in this study. Subject recruitment and clinical evaluation of subjects in the Pittsburgh COPD Specialized Center of Clinically Oriented Research (SCCOR) has been described previously (21) . Briefly, participants were current or former smokers ages 40-79 with a minimum 10-pack-year cigarette smoking history. Each subject completed a chest computed tomography (CT) scan, prebronchodilator and postbronchodilator spirometry and plethysmographic lung volume measurement, diffusion capacity, and demographic and medical history questionnaires. Emphysema was quantified on CT images using a density mask approach to compute the fraction of voxels depicting the lung with a Hounsfield unit value less than 2950 (F-950) (22) .
From this population, 102 subjects with emphysema as measured by CT scan (susceptible, F-950 . 0.05) and significant airflow obstruction as quantified by spirometry (% predicted FEV 1 , 0.04) and 86 subjects that did not develop emphysema (resistant, F-950 < 0.01) or airflow obstruction (FEV 1 /FVC . 0.7; % predicted FEV 1 . 0.8) were identified. Individuals in each group were matched by age, smoking history, and sex using an algorithm written in Python (see online supplement). After matching, 70 individuals in each subcohort remained for sequencing.
Genotyping of candidate nonsynonymous substitutions was performed in all NHW individuals in the Pittsburgh SCCOR cohort for whom DNA was available. Additional information about these individuals can be found in the online supplement.
Sequencing and Genotyping
Knome Biosciences (Boston, MA) sequenced 40 subjects (20 resistant, 20 susceptible) and Hudson Alpha Biotechnology (Birmingham, AL) sequenced an additional 100 (50 resistant, 50 susceptible). All individuals were sequenced using Illumina HiSeq technology (Illumina, San Diego, CA). Library preparation by both of these centers has previously been described (23, 
At a Glance Commentary
Scientific Knowledge on the Subject: The genetic susceptibility to chronic obstructive pulmonary disease remains incompletely understood, in part because of the contribution of variants that cannot be detected by classic common variant association studies. The well-known contribution of rare variation to emphysema in alpha-1 antitrypsin deficiency and recent whole-exome sequencing studies demonstrate that rare variants contribute to this susceptibility.
What This Study Adds to the
Field: Here, we present the first whole-genome sequencing study of chronic obstructive pulmonary disease, identifying PTPRO as a novel candidate gene and rs61754411 as a previously unreported rare, nonsynonymous susceptibility variant contributing to the disease. We offer in vitro evidence that this variant decreases signaling in pathways necessary for cellular survival and proliferation, suggesting how this gene may contribute to emphysema with severe airflow obstruction. 24). Quality control steps are described in the online supplement.
Genomic DNA was isolated from blood for association testing and from whole-cell lysates for functional studies using the QIAamp DNA isolation kit (QIAgen, Valencia, CA). A nonsynonymous substitution in the gene PTPRO, rs61754411, was genotyped using the TaqMan platform (25) with predesigned primer and probes and 7900 DNA analyzer (ABI, Foster City, CA).
Data Analysis
We followed the Broad Institute's Genome Analysis Toolkit best practices workflow to align and call variants (26) . Briefly, BurrowsWheeler Alignment (version 0.7.12-r1039) was used to align sequences to GrCh37 and Picard (version 1.126) was used for deduplication (27) . Recalibrated variant calls for each individual were generated, followed by joint genotyping and SNP and indel recalibration (28) . Final sequencing metrics including depth of coverage, distribution of coverage, and variant calling statistics were calculated after analysis of the entire sample set using Genome Analysis Toolkit (version 3.3-0) and SAM tools (version 1.1) (see Table E1 in the online supplement) (29) . Six individuals were removed after sequencing quality control (see online supplement for further details).
Population stratification was tested between the two subcohorts by pruning all variants for which there was more than 10% missingness and that were not in HardyWeinberg equilibrium using PLINK (version 1.90) (30) . Principal components analysis was used on this pruned set of SNPs and Tracy Widom statistics were calculated for each of the top principal components using Eigenstrat software (version 6.0.1) (31). After pruning, three individuals were removed from the susceptible cohort and two from the resistant cohort because of significant variation along the most significant principal components PC2 and PC6 (see Table E2 , Figure E1 ).
Rare Variant Filtering
Variants were annotated using Annovar (version 2014-11-12) and filtered with bcf tools as follows. First, variants were removed if MAF was greater than 0.05 in European populations in 1,000 genomes or if MAF was greater than 0.05 in 6,500 exomes European populations. Then, variants were removed if they lacked AF in European populations but MAF in the entire 1,000 genomes populations greater than 0.05 and finally remaining variants were filtered if the empiric MAF was greater than 0.01.
Association Testing and Statistics
To test for genotype-phenotype association, we dichotomized susceptible and resistant individuals, a phenotype hereafter referred to as "emphysema with severe airflow obstruction." We tested for association of single rare variants with emphysema with severe airflow obstruction using the efficient mixed-model association expedited (EMMAX) algorithm as implemented in EPACTS (32) . Unadjusted P values were also generated using Fisher exact test. Single variants were annotated with Annovar from dbSNP144 and PolyPhen and Sift predictions were downloaded from Ensembl.
We used the optimized sequence kernel association test (SKAT-O) as implemented in EPACTS (version 3.2.6) to test for association of groups of rare SNPs with emphysema with severe airflow obstruction (33) . We first tested across standardized 30,000 bp (1,000 bp = kb) windows based on power calculations demonstrating that this window size maximized power to detect in this population (see Figure E7 ). Then, we tested for all rare variation within genic regions, defined as the intronic, exonic, and 1 kb flanking spaces for each gene in the genome. Finally, we tested for association of nonsynonymous variants (missense and nonsense substitutions) with our phenotype across the exome. Annotations of nonsynonymous variants were made with EPACTS. We tested for association of rs61754411 with FEV 1 or F-950 in the entire SCCOR cohort of NHW with a dominant multiple linear regression model in R, treating age, sex, and pack-years as covariates.
Thresholds for genome-wide significance and suggestive significance were defined as Bonferroni-corrected a of 0.05 (0.05/number of tests) and Bonferroni-corrected a of 1 (1/number of tests), respectively. All association tests except for EMMAX and Fisher exact test were adjusted for the following covariates: age, sex, pack-years, and eigenvalues from principal components 2 and 6 identified with Eigenstrat (see Table E2 ). Because EMMAX directly accounts for population structure, this test was only adjusted for age, sex, and pack-years. Fisher exact test is reported unadjusted. Two-sided Student's t tests were used to compare population demographic and clinical variables. Tracy Widom statistics were used to compare the principal components generated in Eigenstrat.
Cell Culture
Primary human bronchial epithelial (HBE) cells were cultured from donor lungs obtained from the Center for Organ Recovery and Education that seemed to have no lung disease by high-resolution CT scan but were deemed unacceptable for lung transplant. The cells were isolated and cultured using the method described previously with the following modifications (34) . For the in vitro recombinant human epidermal growth factor (EGF) treatment, cells were maintained in monolayer and cultured with bronchial epithelial growth medium (Lonza, Basel, Switzerland) and type VI human placental collagen-treated tissue culture flasks. Cells in 80-90% confluence were used for subsequent seeding and recombinant human EGF treatment. Cigarette smoke extract (CSE) was a gift from Dr. Peter Di (University of Pittsburgh) and has been described previously (35) . The HBE cells were starved in culture media without growth factor supplements for 4 hours before the treatment with CSE or 20 ng/ml recombinant human EGF (ThermoFisher Scientific, Pittsburgh, PA).
Western Blot
Whole-cell lysates were prepared by homogenization in radioimmunoprecipitation assay buffer. Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride membrane, and blocked in 2% milk. emphysema, because several studies have shown that emphysema as measured by CT does not always correlate with severity of obstruction, and individuals resistant to emphysema and obstruction (36) . We matched individuals in this population to identify 70 susceptible and 70 resistant individuals representative of the larger groups. Six individuals were removed after sequencing quality control and five were removed as population outliers, leaving a final population of 64 resistant and 65 susceptible individuals analyzed here ( Figure 1A (Figure 2 , Table 1 ).
Sequencing Results
The average depth of sequencing in all analyzed samples was 330.2 across the genome, with 83.5% coverage of the genome at 320 depth of coverage (see Table E1 ). We identified 13,352,302 SNPs, 2,682,220 of which were novel (compared with dbSNP144) in 135 individuals that passed sequencing quality control.
We used a stepwise approach to filter our variant calls for rare variation, which we defined as any variant with a MAF less than 0.05 in background European populations or MAF less than 0.01 empirically if no MAF existed in any of these populations (see METHODS section). Using this approach, we identified 5,673,659 rare SNPs, with an average of 79,207 rare SNPs per subject (see Table E1 ). We tested across a final 5,507,311 rare autosomal SNPs after excluding sex-linked variants.
Genome-Wide Single Rare Variant Association Tests
We tested each rare autosomal SNP individually for its association with emphysema with severe airflow obstruction using the EMMAX algorithm and found no significant associations after Bonferroni correction (0.05/5,507,311 tests; P < 8.8 3 10 29 ). The association with the lowest P value was with a set of four noncoding SNPs at 9p13 (rs117400947, rs80121798, rs77945177, rs75985055; P = 7.1 3 10 25 ). The nearest genes to these four SNPs are PAX5 and EBLN3P. The nonsynonymous substitution with the lowest P value was rs75683534 (P = 1.4 3 10
23
), a C to A transversion resulting in a premature stop codon in the gene PIF1 that occurred in nine susceptible individuals and no resistant individuals (see Table E3 ).
Genome-Wide Region-based Rare Variant Association Tests
We grouped rare autosomal SNPs in 30-kb windows across the genome and tested for association using SKAT-O (33). The association with the lowest P value in this genome-wide scan was a locus at 19q13.41 ( Figure 3 , Table 2 ) (chr19:53430000-53459999; P = 4.5 3 10 26 ). Although not reaching genome-wide significance after Bonferroni multipletesting correction (0.05/88,431 tests; P < 5.4 3 10 27 ), this locus reached suggestive significance (1/88,431 tests; P < 1.1 3 10 25 ). Fifty-six percent of individuals in this study harbored at least one rare variant in a total of 79 different loci within this region (Table 2 ). Rare variants were Table 2 . The top threshold represents genome-wide significant association (P < 5.4 3 10 27 ), and the bottom threshold represents suggestive association (P < 1.1 3 10
25
) after Bonferroni correction. preferentially harbored by individuals with susceptibility to emphysema, with 75% of all alternate alleles in this region occurring in the susceptible population (129/172 alleles) (see Table E4 ). The 10 most significantly associated regions can be seen in Table 2 , and quantile-quantile plots are available in the online supplement.
Gene-based and Nonsynonymous Rare Variant Association Tests
We tested for an association of all rare variation with emphysema with severe airflow obstruction in coding and noncoding regions of genic regions (introns, exons, and 1-kb flanking region in each direction) across the exome. The association with the lowest P value in this test was the gene ZNF816 (P = 7.2 3 10
26
), located at 19q13 and partially covered by the 30-kb locus with the lowest P value in the region-based test (see Figure   E4 ). The 129 individuals in the population harbored a total of 120 different rare variants in this gene (Table 3 ). Similar to the region covered in the gene-based test, rare variation was more abundant in the susceptible population (see Table E4 ). Most of the rare variation located in this gene was intronic, although there were six nonsynonymous variants that also occurred preferentially in the susceptible population (see Table E4 ).
In our final test we tested for association with nonsynonymous coding variants grouped by gene across the exome (37) . The association with the lowest P value was with the gene PTPRO located on chromosome 12 ( Figure 4A , Table 4 ) (P = 4.0 3 10
25
). We identified four separate rare, nonsynonymous substitutions in the gene, with the alternate allele of each substitution occurring only in the susceptible population (Table 5) . One of these substitutions, rs61754411, occurred in eight individuals in the susceptible group but not at all in the resistant group and was predicted to be deleterious by both PolyPhen and Sift (Table 5) . We genotyped this SNP in all 686 NHW individuals in the Pittsburgh SCCOR cohort and found that it was significantly associated with F-950 (P = 0.035) and % predicted FEV 1 (P = 0.009) under a dominant model (Figures 4B and  4C, Table 6 ). Interestingly, we did not identify any individuals homozygous for the alternate allele, nor could we find an individual with this genotype in reported populations.
Protein Tyrosine Phosphatase, Type O Functional Assays
We obtained human primary HBE cells from donor lungs with CC or CG genotype of rs61754411 and assayed genotype-specific Figure 5G ), which was associated with sustained phosphorylation of downstream mediators Erk (trend, Figure 5H ), and STAT3 (P , 0.05 at 120 min post-treatment; n = 2) ( Figure 5I ). Similar findings were observed when HBEs were cultured in air-liquid interface and treated with 12.5% CSE (Figures 5A-5E ).
A trend toward increased phosphorylation of ErbB1 and ErbB2 was observed at 18 hours post-CSE-exposure. Importantly, PTPRO rs61754411-CC cells demonstrated significantly increased Erk and STAT3 phosphorylation at several time points post-CSE. There were no genotype-specific differences for PTPRO levels with any treatment, consistent with a coding sequence change that alters function rather than expression levels.
Discussion
We aimed to use whole-genome sequencing of two populations of heavy smokers with extreme phenotypes to identify genetic associations using groupwise rare variant tests. The selection of individuals with extreme traits has been shown to enrich for causal variants and this approach has been used successfully to identify candidate genes in sequencing studies (19, 38) . Our cohort included two groups of heavy smokers that had extremely different outcomes in terms of both obstruction and emphysema, a phenotype we have referred to as emphysema with severe airflow obstruction ( Figure 2 , Table 1 ).
A primary goal of this study was to test for association of nongenic variants with emphysema with severe airflow obstruction. However, our knowledge of the effect of variants in noncoding regions remains limited, making it extremely difficult to prioritize the effects of variants as is possible in coding regions (39) . Based on this, we tested for association with all filtered rare variants in standardized windows across the genome. Using physical distance rather than genetic distance to define the windows tested with SKAT-O was a simple approach to identify clusters of rare variation between two extreme populations. Although more complex approaches have been described, using SKAT in this manner remains an ideal approach when it is unknown whether variants in a region will have similar or opposing directions of effect (40) .
We identified a single suggestive association using this approach, located on 19q13.41. This region is enriched for rare variants within the gene ZNF816 in the emphysema susceptible subcohort. Notably, when we tested for association of all rare variation with emphysema across genebased regions, ZNF816 was also the result with the lowest P value (P = 7.2 3 10 26 ) (Table 3 ). Based on its sequence, this gene, which encodes zinc finger protein 816 (ZNF816), contains 15 zinc finger domains and is likely to be a DNA-binding protein, but its function is otherwise unknown. It is notable, however, that early linkage studies of COPD identified linkage between 19q and FEV 1 in smokers (41, 42) .
Several associations with the lowest P values from our whole-genome scan, although not reaching genome-wide significance, are of interest because they offer knowledge-based validation of our approach ( Table 2 ). The association with the second lowest P value in this test included variants of the coiled-coil domain containing 38 (CCDC38) gene (P = 1.84 3 10 25 ). This gene was identified as a candidate in the first whole-exome sequencing study of heavy smokers, looking at resistance to airflow obstruction (18) .
In that study, the authors identified the nonsynonymous SNP rs10859974 as nominally associated with their phenotype. This SNP was filtered in our study suggesting that we identified this gene in an independent manner. Although the function of CCDC38 is not wellunderstood, it has been suggested to play a role in ciliary function (18) . In addition, several regions with the lowest P values in this study that do not contain any coding material are in close proximity to previously identified common variant associations with a phenotype of COPD. One of these is at 11q22.3, 1.6 Mb from an association with severe COPD between the genes MMP3 and MMP12 (43). Mice deficient in MMP12, which encodes the gene macrophage elastase, have been shown to be protected from cigarette-smoke-induced emphysema (44) . Recent exome array studies have identified common coding variants in both MMP12 and MMP3 that are associated with COPD risk, suggesting that the rare variant association identified in this study is more likely caused by a novel functional effect on these or other nearby genes that contribute to disease (45, 46) . Another region with a low P value in this study is located 8.9
Mb from a locus on 4q31 near the gene HHIP that is perhaps the most replicated association of phenotypes of pulmonary function and COPD, including FEV 1 in smokers (43) . Recent whole-exome sequencing studies have had similar results, with top associations within relatively short genomic distances of previously identified common variant associations, such as the results of a study of lung cancer cases with emphysema in which the authors identified a variant at 4q22 approximately 1 Mb from a frequently replicated locus near FAM13A (47).
Although whole-genome sequencing allows interrogation of the noncoding regions of the genome, it also offers more efficient coverage of exonic SNPs than whole-exome sequencing. By testing for association of rare nonsynonymous variants collapsed by gene with emphysema, we identified a suggestive association with the gene PTPRO on 12p12.3. We replicated the association between the most prevalent rare nonsynonymous SNP in this gene, rs61754411, and emphysema with airflow obstruction in a larger cohort. Similar to the top association from our region-based test, the location of this gene is notable because it is located less than 1 Mb from the short tandem repeat D12S1715, which was shown to demonstrate the most significant linkage with moderate airflow obstruction in smokers and FEV 1 in smokers in two early linkage studies of COPD (42, 48) . A candidate association study in this region showed association with COPD susceptibility near the gene SOX5; however, it remains possible that more than one gene contributed to this early linkage result (49) .
In this study, only individuals susceptible to emphysema with severe Hence, we have identified a suggestive association of rare variation with a gene previously associated in an exome sequencing study with protection from heavy smoking, two associated regions at loci previously shown to be in linkage with phenotypes of COPD, and two regions near associations of common variation with numerous phenotypes of COPD. It is likely that coding regions can be affected by both common and rare variation, as seen with CCDC38. However, regions that are in relatively close proximity but too distant to be plausible regulatory regions for the same genes, such as the association in this study identified near 4q31, may represent larger "disease susceptibility regions" in which multiple nearby loci may contribute to COPD susceptibility independently, as has been seen in other complex diseases (55) .
Our study has limitations. As the first whole-genome sequencing study of emphysema, our sample sizes were limited; even with the extremes of a well-defined phenotype, we were unable to demonstrate significant association at the genome-wide level. Our filtering approach used an arbitrary MAF, which is more inclusive than has been used in some sequencing studies but still lower than what is measured in a common variant study where markers are specifically chosen for MAF greater than 0.05. Finally, our exome-based tests do not correct for gene size and thus favor the detection of variants in larger genes, although our most significant gene is actually quite small in size (13 kb) . This is the first study in which individuals with a phenotype of COPD were whole-genome sequenced and the first investigation of the contribution of genome-wide rare variation to a phenotype of COPD. Although we did not identify any associations reaching genome-wide significance, we identified associations reaching suggestive significance with the genes ZNF816 and PTPRO. In addition, we identified a rare susceptibility variant in PTPRO, rs61754411, which is significantly associated with emphysema and airway obstruction in an expanded population and alters the response to CSE and EGF treatments in primary human HBE cells in vitro. The replication of an association with the gene CCDC38 by Values are presented as a relative ratio of p-Akt to total Akt band intensity compared with those observed in basal, untreated conditions. Data are presented as mean 6 SEM. *P , 0.05. For both treatments, the cells were starved with growth media without growth factor supplements for 4 hours before the treatment in growth media with reduced growth factor supplements (10% of normal culture conditions). Akt = protein kinase B; CSE = cigarette smoke extract; EGF = epidermal growth factor; EGFR = EGF receptor; ErbB1/2 = EGFR/human epidermal growth factor receptor (HER2); Erk = extracellular signal regulated kinase; GAPDH = glyceraldehyde 3-phosphate dehydrogenase; p-Akt = phosphorylated Akt; p-Erk = phosphorylated Erk; p-STAT3 = phosphorylated STAT3; PTPRO = protein tyrosine phosphatase, type O; STAT3 = signal transducer and activator of transcription 3.
exome sequencing using an alternate rare variant analysis approach gives further evidence that rare variation in this gene contributes to emphysema susceptibility. The nominal associations of numerous loci near previous human genetic evidence for linkage or association with COPD supports the hypothesis that rare variation contributes to this disease in a complex manner. However, as also seen in recent exome studies, the effect is likely to be caused by contributions from multiple genes, and potentially as seen here, from multiple forms of variation affecting multiple genes in nearby disease susceptibility regions. n Author disclosures are available with the text of this article at www.atsjournals.org.
